In this study, the charged Higgs pair production is calculated in the context of supersymmetry at a γγ-collider. The channel is explored in Two-parameter Non-Universal Higgs Model where the model provided relatively light masses for neutral and charged Higgs bosons. The computation is extended to one loop-level, and the divergence arising from the loop-diagrams are cured with the radiative photon correction. The production rate of the charged Higgs pair reaches up tô σ LO+NLO UU = 0.121 fb at √ŝ = 635 GeV. The cross-section is analyzed varying the parameters m A and tan β. The total convoluted cross section with the photon luminosity in an e + e − machine is calculated as a function of the center-of-mass energy up to 1 TeV, and it gets up to 0.42 fb at √ s = 900 GeV depending on the polarization of the initial electron and laser photon. *
I. INTRODUCTION
In particle physics, interactions between the fundamental particles are governed by symmetries, and the invariance of these symmetries leads to the conservation of physical quantities. These symmetries also impose the equation of motion and the dynamics of the system.
In this sense, the Standard Model (SM) is ruled by local gauge symmetry, and, in particular, it has unitary SU (3) × SU (2) × U (1) symmetry. The breaking of the SU (2) symmetry gives mass to the Goldstone bosons. Besides of the local gauge symmetry, there is another one called the Supersymmetry (Susy) [1] which proposes a relationship between two basic classes of fundamental particles: namely bosons (particles with an integer-valued spin) and fermions (particles with half-integer spin). The so long searched Higgs boson was discovered at the LHC [2] [3] [4] , and that is conclusive evidence of the electroweak symmetry breaking mechanism and the SM. In many studies, the SM is considered as the low energy approximation of a greater theory which defines the new physics at higher scales, and Susy is one of the models that attracted much attention. Susy predicts five scalar particles: three neutral and two charged Higgs bosons. If one of them is assumed as the discovered one at the LHC, then the charged Higgs boson becomes one of the prominent particles. The LHC running at √ s = 7, 8, 13 TeV energies made it possible to test many Susy predictions. However, no any new particle was discovered at the LHC, and that restricted the Susy parameter space [5] [6] [7] [8] [9] . The masses of sparticles were pushed to higher mass scales. Then, it was concluded that the simple weak scale Susy picture is not valid, and therefore new scenarios within the Susy context were introduced.
The Minimal Supersymmetric Standard Model (MSSM) [10, 11] is an extension to the SM that realizes supersymmetry with the minimal number of new particles and interactions. The simplified versions of the MSSM could be derived from grand unified theory (GUT) with some considerations. The model was generally defined with the following parameters: the soft-breaking masses m 0 , m 1/2 and A 0 which were assumed universal at the GUT scale, the higgsino mixing mass parameter µ, and the ratio of the two vacuum expectation values of the two Higgs doublets namely tan β. On the other hand, it is possible to assume non-universality for some of these parameters at the GUT scale with different motivations. For example: in one-parameter Non-Universal Higgs Model (NUHM1), the soft-breaking contributions to the electroweak Higgs multiplets (m 2 H d and m 2 Hu ) are equal,
One extension of this model is called as the two-parameter Non-Universal Higgs Model (NUHM2) [12, 13] , and this time the soft-breaking contributions to the electroweak Higgs multiplets are not equal m 2 Hu = m 2 H d = m 2 0 . This scenario fits into all the current Susy constraints, and most importantly all of the electroweak observables get low contribution coming from radiative corrections. In this paper, the region of interest of the NUHM2 scenario is outside of the limits obtained by the LHC so far because the masses of the squarks and the sleptons are specially arranged to be above the TeV scale, and the lightest electroweakinos and the Higgses are deliberately set below the TeV scale. In this model, the soft-breaking scalar masses of the two Higgs doublets m 2 Hu and m 2 H d are taken as a free parameter. To study the properties of the Higgs boson which was discovered at the LHC, the particle physics community has several proposals 1 for the next-collider. It is certain that the next collider will be an e + e − -collider, however, it could also host a γγ-collider, and the high energy photons could be extracted with Compton back-scattering [15] technique which converts the high energy electron to high energy photons with high conversion rate (k ≈ 1). A γγ-collider at √ s = 1 TeV [16, 17] with total integrated luminosity up to 300 fb −1 yearly will provide a distinct way to produce the charged Higgs pairs which deserve a detailed study.
The charged Higgs pair in hadron and lepton colliders were studied before in Ref. [18] , but the production rate of the charged Higgs pair is higher in a γγ collisions because the charged Higgs pair is mainly dominated by s-channel diagrams at the tree-level in e + e −collider. In a γγ-collider, the process was investigated at the next-to-leading order (NLO) [19, 20] . However, this channel needs to be reevaluated after the LHC results and the The content of this paper is organized as follows: In Sec. II, the parameter space of the NUHM2 is defined. In Sec. III, the one loop Feynman diagrams, possible singularities in the calculation along with the procedures to cure the related divergences are discussed thoroughly. In Sec. IV, numerical results of the total cross section in the NUHM2 are delivered, and the conclusion is given in Sec. V.
II. TWO-PARAMETERS NON-UNIVERSAL HIGGS MODEL
In Susy, the parameters at the GUT scale and the soft Susy breaking parameters are closely linked with the electroweak symmetry breaking. The results from the LHC moved the obtained limits for the masses of the sparticles to high scales, and that resulted in the socalled "little hierarchy" between the weak scale and the scale of the masses of the sparticles.
The high scale fine-tuning of the large logarithmic contributions and the weak scale finetuning are needed to explain the little hierarchy. In Ref. [21] , the high scale tuning along with the weak scale tuning were discussed in detail. The NUHM2 is an effective model which is valid up to the scale Q ≤ M GUT , and the soft parameters at the GUT scale only serve to describe higher dimensional operators of a more fundamental theory so that there might be correlations that cancel the large logs. Then, the implications on the weak scale become significant, and fine-tuning of the electroweak observables is needed. The electroweak finetuning parameter, which is defined in Ref. [22] , is given below:
where
The expression of the other two contributions at the one-loop level C Σ u u (k) and C Σ d d (k) were defined in Ref. [22] . Apparently, the ∆ EW gives the largest contribution to the mass of Z-boson.
Since NUHM2 was inspired by GUT models whereĤ u andĤ d belong to different multiplets.
In Ref. [23] , it is argued that the GUT scale masses m 2 Hu and m 2 H d could be trade-off for the weak scale parameters µ and m A . To achieve small ∆ EW , it is required that |m 2 Hu |, the mixing parameter of the Higgs-doublets µ, and the radiative contribution |Σ u u | have to be around m 2 Z /2 to within a factor of a few [22, 24] . Then, the |m 2 Hu | weak and µ 2 can have a value of (100 − 300 GeV) 2 at any values of the parameters m 0 and m 1/2 in the non-universal Higgs models, and therefore m 0 = 10 TeV and m 1/2 = 0.5 TeV are assumed. The largest radiative correction which is stop mixing requires A 0 = ±1.6m 0 = 16 TeV, and finally µ = 6 TeV is assumed. Accordingly, the following two benchmark points with various ranges given in Table I are investigated in this paper. The benchmark point 1 (BP-1) is taken from Ref.
[21] 2 . The masses of all the Higgses and the elektroweakinos are less than 500 GeV, but the rest of the sparticles are still beyond the TeV, so they are also beyond the reach of the LHC. In BP-2, the parameters m A and tan β are varied in the following ranges (1 − 50) and (150 − 400) GeV, respectively. The calculation of sparticle's masses and their mixing parameters are calculated with the help of ISASUGRA-v7.88 [25] . It should be noted that m h 0 stays in the range of 120 GeV ≤ m h 0 ≤ 125 GeV in all the points defined in Table   I , and m h 0 is considered as the discovered Higgs boson. Also, the masses of all the particles are above TeV scale except the Higgses and the elektroweakinos in all the BPs. 
III. THE CALCULATION AT THE NEXT-TO-LEADING ORDER
In this section, the analytical expressions related to the cross section of charged Higgs boson pair are provided. The scattering process is denoted as follows:
where k a (a = 1, ..., 4) are the four momenta of the incoming photons and outgoing charged Higgses, besides, the parameters µ and ν represent the polarization vectors of the incoming photons.
A. The process at the tree-level
The Feynman diagrams possible for the charged Higgs pair production via γγ collision at the tree-level are plotted in Fig. 1 . These diagrams and the corresponding amplitudes for each of the diagrams are constructed using FeynArts [26] . The vertices are defined in the model file where all the couplings follow the convention given in Ref. [11] , and the FeynArts implementation of these rules are given in Ref. [27] . After obtaining the total amplitude for the process, further evaluation is employed in FormCalc [28, 29] where the relevant computation of the process is done. The summation over the helicities of the final states, and averaging over the polarization vectors are handled in FormCalc automatically. Then, the cross section of the polarized γγ collision at the tree level is defined as follows:
where λ(ŝ, m 2 H ± ) = ŝ 2 /4 −ŝ m 2 H ± , the factor 1/4 is the average of polarization vectors of the photons, and the parameters µ and ν are the polarization of the photons. The Feynman diagrams given in Fig. 1 show that the following couplings g γγH + H − and g γH + H − play a role in the tree-level cross section, and in a sense they are universal. Therefore, this process is a QED process at the tree level, and thus the cross section depends on the mass of the charged Higgs. At the loop-level, the contributions to the total cross section could be significant, and that requires a detailed analysis.
The calculation at the loop-level is followed next. The one loop-level diagrams are obtained with the help of FeynArts, and they are grouped into three distinct topological sets of diagrams. They are called the self-energy diagrams, triangle-and bubble-type s-channel diagrams, and finally box-type diagrams. All these diagrams are given in Fig. 2-4 where the intermediated lines between the initial and the final states represent the propagators of all the possible SM and Susy particles. The corresponding total Lorentz invariant matrix element for the process at the one-loop level is written as a sum over all these three contributions: the box-diagrams (Fig. 2) , the triangle-and bubble-type diagrams (Fig. 3) , and the self-energy diagrams (Fig. 4) . The one-loop virtual correction is calculated by the following formula where the squared term |M virt | 2 is not included to the calculation due to the fact that it is very small.
whereŝ represents the c.m. energy in the γγ collision, and λ(ŝ, m 2 H ± ) is the same function defined before.
B. Ultraviolet and infrared divergences
In multi-loop calculations, due to the contribution of terms with unbounded energy, or because of investigating the physical phenomena at infinitesimally small distances the ultraviolet (UV) divergence occurs. Since infinity is unphysical, the ultraviolet divergences require special treatment, and they are often removed by regularization procedures, and that is called the renormalization. In this process, the divergent integrals are cured by including the counterterms. These terms simply regularize the divergent vertices, and the result becomes finite. The numerical calculation is performed in the 't Hooft-Feynman gauge so that the propagators have a simple form, and the calculation of the loop integrals consumes less computing power. Besides, the constrained differential renormalization [30] is employed because it is equivalent to the dimensional reduction [31, 32] at the one-loop level [33] . All the vertices that require renormalization are indicated by a cross sign in Fig. 5 .
They are included in the calculation, and then the total amplitude M virt becomes UV finite.
The scalar and the tensor one-loop integrals are computed with the help of LoopTools [28, 29, 34] , and the UV divergence is tested by changing the parameters µ and ∆ on a large scale. The cross section is stable in the numerical precision, and that proves the divergence is contained in the calculation.
In the computation, another source of a singularity occurs due to the charged particles at the final state and the massless particles which are propagating with very small energy in the loops. This kind of divergence is called infrared divergence (IR), and if the photon had a mass of λ, then these divergent terms would be proportional to log λ. According to the Kinoshita-Lee-Nauenberg theorem, in sufficiently inclusive observables, these logs cancel, but in non-confined theories such as the SM, it is possible to obtain substantial effect due to small fermion masses in non-inclusive observables. These IR divergent contributions are canceled by including similar divergences coming from phase space integrals of the same process with additional photon radiation at the final state. In other words, a measurement acquired in an experiment intrinsically possesses this interaction already. The apparatus measures with a minimum energy threshold, and therefore it could not measure the photons that might have been emitted with an energy of less than ∆E. The cross section of emitting soft photons at the final state has the same kind of singularity with massless photons propagating in the loops, and adding these contributions cancels the IR divergences in the calculation. The diagrams having an additional photon at the final state are given in Fig. 6 . The soft photon radiation correction is implemented in FormCalc following the description given in Ref. [35] . Overall, the correction is proportional with the tree level process; dσ dΩ s = δ s dσ dΩ born , where δ s is the soft bremsstrahlung factor, and its explicit form is given in Ref. [35] . The factor δ s is a function of ∆E, and it separates the soft and hard photon radiation. The photons are considered soft, if their energy is less than ∆E = δ s E = δ s √ŝ /2.
Adding this contribution (σ soft (λ, ∆E)) with the virtual (σ virt (λ)) one drops out the dependence on the photon mass parameter λ. However, the result now depends on the detector dependant parameter ∆E, and to drop that dependence out, the contribution coming from the hard photon radiation needs to be combined. Thus a complete picture of the process is obtained. In conclusion, the total one-loop corrections could be written as a sum of the virtual, the soft photon radiation, and the hard photon radiation
Next, the same divergent test is employed on the parameter λ; it is varied on a large scale, and the sum of the virtual and the soft photon radiation becomes stable. Finally, the total cross section is checked for the detector dependant parameter, and the δ s is varied logarithmically in Fig. 7 . The virtual + the soft correction is plotted by a blue line, the hard photon radiation is plotted by orange, and the sum of all are indicated by a straight green line. The calculation is done at √ŝ = 1 TeV with the parameters defined in benchmark point 1 in Table I, The energy spectrum F γ (x, y) and the mean polarization ξ(y) of the scattered photons are defined in Refs. [15, [36] [37] [38] , where y = E γ /E e with E γ and E e being the energy of photon and electron beams, respectively. In this study, the energy spectrum of the photons includes only the Compton back-scattered photons, and nonlinear effects are not taken into account. The maximum fraction of the photon energy is defined as y m = x/(1 + x) where x = (4E e E l /m 2 e ), the laser photon energy E l = 1.17 eV, m e is the electron mass, and we set x = 4.8 in the calculation [37, 38] . The photon luminosity is defined as follows:
IV. NUMERICAL RESULTS AND DISCUSSION
In this study, the following input parameters in the SM are taken from Ref. [39] where In Fig. 9 , various cross section distributions with the region defined in BP-2 at √ŝ = 1 TeV are plotted as a function of tan β and m A . On the left, the distribution of the total cross section (σ NLO +σ LO ) is given, and as it is expected the cross section is higher at low m A values because m A is related with the charged Higgs boson. The cross section gets lower with increasing tan β, but the change is low. Since the cross section at the tree-level is mostly QED, the one-loop level contribution and how it changes is given in Fig. 9 (right) as a function of tan β and m A . Theσ NLO is negative, and it lowers the tree-level cross section by ∼ −25 fb, but most of the parameter space is around ∼ −10 fb. In Fig. 9 (bottom) , the ratioσ NLO /σ LO is plotted, and it shows that the one-loop contribution could decrease the leading order cross section by 30% at most. The ratio gets higher in magnitude at large tan β and low m A values, but it is negative as it can be seen in the right bottom corner in In photon colliders, the main outstanding advantage, that could be underlined, is to Comparing the results with the e + e − → H + H − [18] concludes that the production rate of the charged Higgs pair in γγ-collider is higher. Therefore, the γγ-collider hosted on ILC with a minimal cost will provide new insights and distinct mechanism to test the predictions of the supersymmetry, or luckily help to solve the mysteries of the universe.
